Abstract The l-opioid receptor is the site of action of many endogenous opioids as well as opiates. We hypothesize that differences in DNA methylation of specific CpG dinucleotides between former severe heroin addicts in methadone maintenance treatment and control subjects will depend, in part, upon ethnicity. DNA methylation analysis of the l-opioid receptor gene (OPRM1) promoter region was performed on African-Americans (118 cases, 80 controls) and Hispanics (142 cases, 61 controls) and these were compared with a similar Caucasian cohort from our earlier study. In controls, a higher methylation level was found in the African-Americans compared with the Hispanics or Caucasians. Significant experiment-wise differences in methylation levels were found at the -25 and ?12 CpG sites in the controls among the three ethnicities. The overall methylation level of the CpG sites were significantly higher in the former heroin addicts when compared with the controls (point-wise P = 0.0457). However, in the African-Americans, the degree of methylation was significantly decreased experiment-wise in the former heroin addicts at the ?12 CpG site (P = 0.0032, Bonferroni corrected general estimating equations). In Hispanics, the degree of methylation was increased in the former heroin addicts at the -25 (P \ 0.001, experiment-wise), -14 (P = 0.001, experiment-wise), and ?27 (P \ 0.001, experiment-wise) CpG sites. These changes in methylation of the OPRM1 promoter region may lead to altered expression of the l-opioid receptor gene in the lymphocytes of former heroin addicts who are stabilized in methadone maintenance treatment.
Introduction
Epigenetic factors, such as DNA methylation, and histone modifications, have been shown to be altered by illicit drugs or in drug addiction (Kumar et al. 2005; Nielsen et al. 2009; Novikova et al. 2008; Renthal et al. 2007 Renthal et al. , 2008 Zhang et al. 2007 ) and may play a role in an individual's vulnerability to develop drug addiction, or to the response to pharmacotherapy. In genomic DNA, cytosine residues may be methylated at cytosine:guanine (CpG) dinucleotides by DNA methyltransferases. When CpG sites are methylated in promoter regions, in general, gene expression is decreased (Heller et al. 2008) . A number of transcription binding sites contain CpG dinucleotides that, when methylated, alter transcription factor binding (e.g. Alikhani-Koopaei et al. 2004; Douet et al. 2007; Michelotti et al. 2007; Zhang et al. 2007) .
Recently, we found hypermethylation of two CpG sites in the l-opioid receptor (OPRM1) gene promoter in DNA from peripheral lymphocytes from Caucasian methadone maintained former heroin addicts (Nielsen et al. 2009 ). The OPRM1 gene codes for the l-opioid receptor, the receptor to which morphine, methadone, and b-endorphin bind and exert their actions (Kreek et al. 2005) . We hypothesized that this hypermethylation may alter the transcriptional regulation of the OPRM1 gene in these individuals. It is not known whether the hypermethylation of these two CpG sites was due to heroin use, methadone maintenance pharmacotherapy, imprinting, or major life events prior to using heroin. Other studies have shown that DNA methylation is higher in genomic DNA from lymphocytes of alcoholics than from those of controls Bonsch et al. 2004 Bonsch et al. , 2006 . Increased DNA methylation was found in the promoter regions of the a-synuclein SNCA gene (Bonsch et al. 2005) , the homocysteine induced endoplasmic reticulum protein HERP gene , and the vasopressin AVP gene (Hillemacher et al. 2009 ) and decreased methylation of the promoter region of the atrial natriuretic peptide gene ANP (Hillemacher et al. 2009 ) in alcoholics. In women, but not men, overall DNA methylation of the monoamine oxidase A MAOA gene promoter was found to be associated point-wise with nicotine dependence and alcohol dependence (Philibert et al. 2008) . Maternal cocaine exposure in mice caused decreased global methylation at P3 and increased global methylation at P30 in hippocampal pyramidal neurons (Novikova et al. 2008 ) and caused increased methylation of the protein kinase C epsilon (PKCe) PRKCE gene promoter (Zhang et al. 2007 ). Several genes that were linked to a change in methylation had their expression increased or decreased by as much as 19-fold. A few studies have demonstrated ethnic diversity in the overall DNA methylation levels. Methylation of leukocyte DNA levels are highest in Hispanics, lowest in Blacks, and of intermediate levels in Whites (Terry et al. 2008 ). Ethnic differences have also been observed in the overall methylation of tumor DNA. For example, methylation of the IGTBP-3 gene in malignant mesothelioma was higher in Japanese patients than patients from the USA (Tomii et al. 2006 ) and the TMS1/ASC gene is more methylated in prostate cancer cases than controls in White patients, but not in Black patients (Das et al. 2006) .
CpG methylation may occur rapidly and may persist for decades. For instance, when rats were exposed to fear conditioning, methylation of the protein phosphatase 1 gene pp1 was increased and methylation of the reelin gene reln was decreased in 1 h (Miller and Sweatt 2007) . The methylation of these genes returned to baseline within 24 h. Methylation status of the promoter of the imprinted insulin-like growth factor 2 IGF2 gene, a gene involved in energy metabolism, was examined in subjects prenatally exposed to famine during the Dutch Hunger Winter of 1944 -1945 (Heijmans et al. 2008 . It was found that the promoter of the IGF2 gene was hypomethylated compared with controls, presumably reflecting events that occurred 60 years ago.
In this study, we have extended our earlier work in Caucasians (Nielsen et al. 2009 ) by examining in subjects of two ethnicities, African-Americans and Hispanics, methylation levels at 16 CpG sites in the OPRM1 promoter region. Subjects were former severe heroin addicts stabilized in methadone maintenance pharmacotherapy and non-drug using controls. OPRM1 methylation levels of these subjects were compared to methylation levels in Caucasians that were recently reported (Nielsen et al. 2009 ).
Materials and methods

Subjects and phenotyping
Our sample consisted of 198 African-American and 203 Hispanic subjects (Table 1) . We have reported methylation levels of 329 Caucasian subjects, used in this study as a comparison group for the extent of methylation (Nielsen et al. 2009 ). The 401 former severe heroin addicts and control subjects of African-American and Hispanic ethnicity were drawn from consecutive volunteers (January 1995 -May 2007 in genetic studies conducted by the Laboratory of the Biology of Addictive Diseases at The Rockefeller University who met the inclusion criteria defined below (same criteria for the Caucasians reported earlier). Subjects were recruited from clinical resources in New York City, and from newspaper advertisements, referrals, and posted notices. Ethnicity was based on the ethnic/cultural background of the subjects, their parents, grandparents, and great-grandparents. All subjects gave specific consent for genetic studies and signed an informed consent approved by The Rockefeller University Hospital Institutional Review Board.
The Addiction Severity Index (McLellan et al. 1980 ) was administered to all subjects and urine analyses were performed for multiple drugs of abuse. Former severe heroin addicts (African-American, N = 118; Hispanic, N = 142) were long-term heroin addicts who met Federal guidelines for methadone maintenance treatment (1 year or more of daily multiple injections of heroin or other opiates) (Rettig and Yarmolinsky 1995) . Subjects in the control group (African-American, N = 80; Hispanic, N = 61) had (1) no illicit drug use for more than 6 months (except cannabis), (2) no excessive use of cannabis (3 or more times per week for more than 4 years), (3) no previous history of alcohol drinking to intoxication (3 or more times per week for 6 months or more), and (4) no alcohol intoxication or illicit drug use (except cannabis) in the last 30 days.
In the study sample that was used to determine DNA methylation levels, those subjects with a correlation cutoff C0.7 (see below), 24% of the African-American former severe heroin addicts also had a history of alcohol dependence (24 of 100) and 21% of the Hispanic former severe heroin addicts had a history of alcohol dependence (25 of 120).
Isolation of lymphocyte DNA and the determination of percent methylated cytosine DNA was extracted from peripheral blood lymphocytes and percent cytosine methylation was determined as previously described (Nielsen et al. 2009 ). Briefly, genomic DNA (300 ng) was sodium bisulfite treated using the EZ-96 DNA Methylation Kit D5004 (Zymo Research, Orange, CA) and amplified (Nielsen et al. 2009 ). DNA was sequenced at GENEWIZ, Inc. (South Plainfield, NJ) on an ABI 3730 XL sequencer (Applied Biosystems, Foster City, CA). Trace files (.ab1) were analyzed using the ESME version 3.2.1 software from Epigenomics AG (Berlin, Germany) (Lewin et al. 2004) . The percent methylation calls by the ESME were reviewed by two independent researchers who visually inspected all the methylation calls using the associated electropherograms generated by the ESME software.
Sequence analysis
The OPRM1 promoter region was analyzed for predicted transcription factor binding sites using TESS: Transcription Element Search System (Schug and Overton 1977) .
Statistical analysis
For each sample, for which a forward and reverse sequence file was obtained, a correlation value was calculated between the arcsine of methylation frequency in the forward and reverse directions. Samples with a correlation C0.7 (African-American, N = 170; Hispanic, N = 173) were included in the analysis of percent methylation at each CpG site (Table 1) . This was the same cut off used in our earlier study of Caucasians (Nielsen et al. 2009 ).
The mean of the forward and reverse values was calculated for each CpG site in each sample. Within each ethnicity, Welch's two-tailed t tests were used to determine if the mean level of methylation at each CpG dinucleotide differed between sexes. Within controls, Welch's two-tailed t tests were used to determine if there was a significant difference between African-Americans and Hispanics in overall methylation for all 16 CpG dinucleotides, and, also, using our earlier data to compare African-Americans with Caucasians, and Hispanics with Caucasians (Table 2) .
To determine if there was a significant difference in the mean level of methylation at each CpG dinucleotide among the three ethnicities, we performed an ANOVA (Table 3) . Using those CpG sites that were significantly different point-wise between cases and controls within any ethnicity (Table 4) , we used a one-tailed t test to see if the extent of methylation was higher in cases than controls.
Because there were two measurements for each individual, logistic regression using generalized estimating a Samples for analysis of CpG methylation are those which had sequencing/ESME analysis performed in both directions and had a correlation between these analyses C0.7 b Former severe heroin addicts stabilized in methadone maintenance treatment c Caucasian data previously reported (Nielsen et al. 2009) Hum Genet (2010) 127:639-649 641 equations, which accounts for the correlation between forward and reverse measurements, was performed to determine if methylation at each CpG dinucleotide differed between cases and controls (Halekoh and Hojsgaard 2006) (Table 5 ).
To correct for multiple testing issues, we determined the experiment-wise significance by the Bonferroni method (Tables 2, 3) . We also calculated experiment-wise significance within each ethnicity (Tables 4, 5).
Results
We determined the methylation state of the upstream CpG island of the l-opioid receptor OPRM1 promoter region in 198 African-American and 203 Hispanic subjects. The upstream OPRM1 CpG island is located from nucleotides -93 to ?27 (relative to the A of the ATG translation start site). Sixteen CpG dinucleotide sites are located within this region at -93, -90, -80, -71, -60, -50, -32, -25, -18, -14, -10, ?12, ?23, ?27, ?53, and ?84. There are three potential Sp1-binding sites within this amplified region. One potential Sp1-binding site spans the -18 and the -14 CpG sites, another spans the ?12 CpG site, and a third spans the ?84 CpG dinucleotide site.
Differences in the degree of methylation between ethnicities in controls
In this study, we have determined the degree of methylation at each of the 16 CpG sites in the upstream CpG island of the OPRM1 gene in 70 African-American and 53 Hispanic controls. We have previously reported the degree of methylation at each of these CpG sites in 103 Caucasian controls -60 14.9 12.9 13.8 n.s.
-50 10.6 6.6 8.6 n.s.
-32 13.6 11.5 13.6 n.s. (Nielsen et al. 2009 ). When we compared the methylation levels of all the CpG sites in the controls of each ethnicity (Table 2) , the African-Americans had a higher mean methylation level (19.6%) than was found in the Hispanics (16.1%) with an experiment-wise P = 3.48 9 10 -6 or in Caucasians (17.4%) with an experiment-wise P = 0.0031. There was no experiment-wise difference in mean methylation levels between Hispanic controls and Caucasian controls.
Differences in the degree of methylation at each of the CpG sites in controls among the three ethnicities Next, we compared, among the ethnicities, the degree of methylation at each of the CpG sites. We found significant experiment-wise differences in the degree of methylation for the -25 and the ?12 CpG sites in the controls among the three ethnicities (Table 3) . For the -25 CpG site, the percent methylation was similar in African-American and the previously reported Caucasian controls (33.9, 32.7%, respectively), and was higher than that found in Hispanic controls (23.4%) (experiment-wise P = 0.0249). The highest level of methylation at the ?12 CpG site in the controls was in the African-Americans (12.2%) and was found to be lowest in the Hispanics (4.7%) (experimentwise P = 0.0080); it was intermediate in the Caucasians (6.6%).
Differences in the degree of methylation at each of the CpG sites between ethnicities in controls
Comparisons between each pair of ethnicities were performed with the methylation levels in the controls at each CpG site (Table 4) . There was an experiment-wise significant difference in the level of methylation between the AfricanAmerican and Hispanic controls for the -25 (P = 0.0086), -10 (P = 0.0210), and the ?12 CpG sites (P = 0.0447). Between the Hispanic controls and our previously reported Caucasian controls, an experiment-wise significant difference was found for the -25 CpG site (P = 0.0128). No experiment-wise significant difference was found between the African-American and the Caucasian controls.
Relationship of methylation to age in both cases and controls
No experiment-wise significant correlation was found in the level of methylation of all 16 CpG sites combined with age in either the African-American cases or controls or the Hispanic cases or controls. In the African-American controls (age range of 19-70 years, median 32, mean 33), the only CpG site with a point-wise significant correlation of methylation with age was at the -10 site (r 2 = 0.2310, 95% CI 0.0009-0.4378, P = 0.049). In the AfricanAmerican cases (age range of 20-65 years, median 46, mean 45), no CpG site was found to have a point-wise significant correlation of DNA methylation level with age. In the Hispanic controls (age range of 18-54 years, median 28, mean 31), there was a significant point-wise correlation of DNA methylation with age at the -60 CpG site (r 2 = 0.31, 95% CI 0.03-0.54, P = 0.030). In the Hispanic cases (age range of 18-60 years, median 34, mean 35), there was a significant point-wise correlation of DNA methylation with age at the -18 CpG site (r 2 = 0.19, 95% CI 0.00-0.36, P = 0.047). None of these correlations were significant after adjusting for multiple testing. Thus, although several CpG sites were found to be correlated with age with point-wise significance, there was no significance found with all 16 CpG sites combined.
Relationship of methylation to alcohol dependence in the severe former heroin addicts To determine whether comorbid alcohol dependence may have influenced our results, we compared DNA No significant point-wise association was found for DNA methylation level at any of specific CpG sites with history of alcoholism in the African-American former severe heroin addicts. In the Hispanic former severe heroin addicts, there was a significant point-wise association of history of alcoholism with DNA methylation level at the -93 and the -60 CpG sites (11.8% without alcoholism, 8.6% with alcoholism, P = 0.020; 10.5% without alcoholism, 8.0% with alcoholism, P = 0.028, respectively). Neither of these sites had a significant association of DNA methylation levels with history of alcoholism after adjusting for multiple testing.
Relationship of methylation to sex in controls
To determine whether there were differences between the sexes in the levels of DNA methylation, we examined the controls of each ethnicity stratified by sex. No point-wise significant difference of methylation level at any CpG site by sex was found in controls in any of the three ethnicities (African-American, Hispanic, or Caucasian). Assuming a significance level of 0.05 where the betweengroup variance is 1/10 of within-group variance, we had a 99, 95, and 99% power to detect a difference between sexes in African-Americans, Hispanics, and, Caucasians, respectively.
CpG methylation in former severe heroin addicts versus controls
Differences in methylation were determined between methadone stabilized former severe heroin addicts and controls within each ethnicity. In 170 African-Americans, significant point-wise differences in methylation levels were found between the former heroin addicts and the controls at the -93 (P = 0.0361), -90 (P = 0.0406), and ?12 (P = 0.0002) CpG sites (Table 5a , b). At two of these three CpG sites, cases were hypermethylated compared with controls. When corrected for multiple testing, the only difference in methylation levels between cases and controls was at the ?12 CpG site (experiment-wise P = 0.0032). The ?12 CpG site was hypomethylated in the former heroin addicts (6.6%) compared to that found in the controls (12.2%).
In 173 Hispanics, methylation levels at the -60 (P = 0.025), -50 (P = 0.024), -25 (P \ 0.001), -14 (P \ 0.001), -10 (P = 0.045), ?23 (P = 0.04), and the ?27 (P \ 0.001) CpG sites were significantly different point-wise between the cases and controls (Table 5) . At six of these seven CpG sites, cases were hypermethylated compared with the controls. After correcting for multiple testing, the -25 (P \ 0.001), -14 (P = 0.001), and the ?27 (P \ 0.001) CpG sites had experiment-wise significant differences in methylation levels. These three CpG sites were hypermethylated in the former heroin addicts as compared to the controls (-25 CpG site 30.5 vs. 23.4%; -14 CpG site 20.4 vs. 15.5%; ?27 CpG site: 12.9 vs. 7.7%).
We examined all the CpG sites (-93, -90, -60, -50, -25, -18,-14, -10, ?12, ?23, ?27, and ?84) that had a significant difference in methylation levels between cases and controls in any of the three ethnicities (Table 5 ; Nielsen et al. 2009 ). The level of methylation was significantly higher in the cases than in the controls (14.6% cases, 13.9% controls; P = 0.0457). When we did this test separately for each ethnicity, there was no significant difference between cases and controls.
Resequencing of the OPRM1 promoter region
To determine if common variants in the OPRM1 promoter region may be contributing to our findings, we resequenced DNA from a subset of our cohort. One hundred and fortyeight subjects (47 African-American, 51 Hispanic, and 50 Caucasian) were resequenced across the OPRM1 promoter region, which contained the 16 CpG sites we examined above. The allele frequency of rs17174638 was 0.09 in African-Americans. This variant was not found in the Hispanics or Caucasians. Variant rs9282815 was found with an allele frequency of 0.02 in both the AfricanAmerican and the Hispanic subjects, and was absent in the Caucasian subjects. Variant rs1799972 (C17T), which substitutes a valine for an alanine at amino acid 6, was found with an allele frequency of 0.22 in the AfricanAmericans, 0.04 in the Hispanics, and 0.01 in the Caucasians. None of the variants we identified in the OPRM1 promoter region alters any of the CpG sites that we have studied above.
Discussion
This study extends our previous findings on the methylation levels at 16 CpG dinucleotide sites in the OPRM1 promoter region in Caucasians (Nielsen et al. 2009 ) to Africans American and Hispanics. We found ethnic differences in the methylation levels at specific CpG Hum Genet (2010) 127:639-649 645 dinucleotides. Although the methylation levels at each site differed depending upon ethnicity, we found that the methadone stabilized former heroin addicts had an overall hypermethylation of their OPRM1 CpG sites as compared to controls. In cell culture studies of undifferentiated and differentiated P19 carcinoma cells, it has been reported that OPRM1 gene expression increases in concert with the demethylation of the OPRM1 promoter during differentiation or by the action of the demethylating agent azacitidine (Hwang et al. 2007 ). In NS20Y neuroblastoma cells that normally do not express OPRM1, the expression of OPRM1 can be induced by the demethylating agent azacitidine (Hwang et al. 2008 ).
When we compared ethnic differences in DNA methylation in the controls, the average methylation level of all 16 CpG sites was significantly higher in the AfricanAmericans than in the Hispanics or the Caucasians. There was no difference in overall methylation level between the Hispanic and the Caucasian controls. However, when we compared ethnic differences in DNA methylation at individual CpG sites, methylation levels at the majority of the CpG sites (14 of 16) were not different. Methylation at the -25 and the ?12 CpG sites showed the biggest difference among ethnicities. The -25 CpG site was methylated less in the Hispanics when compared with the African-Americans and the Caucasians, both of which had similar methylation levels. The ?12 CpG site had the lowest level of methylation in the Hispanics, an intermediate level of methylation in the Caucasians, and the highest level in the African-Americans. At this time, the mechanisms regulating methylation at specific CpG sites are not known.
We examined the sequence of the OPRM1 promoter region for genetic variants that may alter CpG sites, and, therefore, may influence our results. The dbSNP database (www.ncbi. nlm.nih.gov/SNP/index.html) was searched for SNPs (singlenucleotide polymorphisms) located in this region. We found nine SNPs (rs17174638, rs9282814, rs9282815, rs9282816, rs41292890, rs35174096, rs1799972, rs62436460, and rs1799973) . Of these, three SNPs (rs41292890, rs1799973, and rs9282816) could alter CpG sites. rs41292890 is a C to a T transition at the -25 CpG, and rs1799973 is a G to A transition at the ?23 CpG. Neither of these SNPs has been validated and they are extremely rare. rs9282816 is a G-T transversion at the -32 CpG site. This SNP is rare; it has not been found in Caucasians or Hispanics, and has a minor allele frequency of 0.021 in African-Americans. This SNP does not affect our findings, as we did not find any significant results with the -32 CpG site.
In a small subset of our cohort in each of the three ethnicities resequenced, no variants were found that altered any of the 16 CpG sites that we examined. The only common variant observed was rs1799972 (C17T). This variant codes for an amino acid substitution at residue 6 of a valine for an alanine.
Our results of ethnic differences in DNA methylation were not unexpected. Ethnic diversity in overall DNA methylation has been observed in leukocyte DNA (Terry et al. 2008) and in studies on the development of cancers (e.g. Tomii et al. 2006) . In contrast to our finding in a specific genomic region, the Terry et al. (2008) study found whole genome methylation of leukocyte DNA was highest in Hispanics, intermediate in Whites, and lowest in Blacks. Ethnic differences in the frequency and distribution of genetic polymorphisms also are well documented (Lao et al. 2006) . The frequency of variants in genes whose products are involved in the methylation of DNA differs among ethnicities, such as in the genes coding for DNA methyltransferase 2 (Franchina and Kay 2001) and 3B (Zhao et al. 2009 ). Some of these variants may alter the expression and function of the enzymes involved in DNA methylation and demethylation.
Ethnic specificity was also found at specific CpG sites that were significantly different between former heroin addicts and controls. In African-Americans, the ?12 CpG site was hypomethylated in the former heroin addicts. The ?12 CpG site was not found to differ significantly, pointwise or experiment-wise, by age, sex, or history of alcoholism in the African-American cases or controls. In Hispanics, a different set of CpG sites had methylation levels that differed between cases and controls. Three sites (-25, -14, and ?27) were hypermethylated in the Hispanic former heroin addicts compared to controls. None of these three CpG sites were found to have methylation levels that differed significantly, point-wise or experiment-wise, with age, sex, or history of alcoholism in the Hispanic cases or controls. Overall, three (-25, -14, and ?12) of five (-80, -25, -14, -10, and ?12) CpG sites with point-wise significant differences in methylation levels in the controls among the ethnicities had experiment-wise significant differences between cases and controls in either the AfricanAmericans or Hispanics.
Methylation differences at the ?12 CpG site found in this study may have several effects. The ?12 CpG site is located in a Sp1 transcription binding site. In general, methylation of CpG sites in promoter regions decreases gene expression. In studies of Sp1 transactivation of genes with methylated and unmethylated Sp1 transcription binding sites, most studies show decreased binding of Sp1 to its cognate binding site (Alikhani-Koopaei et al. 2004; Douet et al. 2007; Iguchi-Ariga and Schaffner 1989) ; however, an increase in affinity for Sp1 with methylated DNA has also been observed (Jane et al. 1993) . Methylation of Sp1 transcription binding sites has been shown to decrease Sp1 transactivation (Douet et al. 2007; IguchiAriga and Schaffner 1989) ; however, increases in gene expression have also been reported (Cheng et al. 2005) .
The treatment of cell lines with azacitidine has been shown to both up-regulate specific genes and to down-regulate other genes, with the up-regulation predominating (Heller et al. 2008 ). The latter effect may be due to decreased DNA methylation of these genes, direct inhibition by azacitidine, or to down-regulation of repressors of these genes. Therefore, methylation at the ?12 CpG site of the OPRM1 gene may decrease its rate of transcription.
We cannot tell at this time whether the differences found in DNA methylation between the former heroin addicts and controls were due to altered methylation at specific CpG sites within the OPRM1 promoter region or to a global increase in DNA methylation, and whether either has a functional role in heroin addiction. The role of global methylation has been hypothesized to repress transcription of repetitive elements (Maksakova et al. 2008) . Altered DNA methylation at specific CpG sites has been shown to alter the expression of various genes (e.g. Iguchi-Ariga and Schaffner 1989; Zhang et al. 2010) . At the level of a single gene, methylation at specific CpG sites may prevent the binding of transcriptional activators (Tate and Bird 1993) . Alternatively, methyl-CpG binding domains of transcriptional repressors may bind methylated CpG sites to either block the interaction of transcriptional activators with DNA (Tate and Bird 1993) or through the recruitment of histone modifying enzymes, such as histone deacetylases, that may alter surrounding chromatin (Ballestar and Wolffe 2001) . In addition, DNA methylation can increase the compaction and rigidity of the nucleosome, which may further repress transcription (Choy et al. 2010) .
Aging has been shown to increase DNA methylation globally and at specific genes (Fraga et al. 2005; Ronn et al. 2008; Sarter et al. 2005) . We found several CpG sites with point-wise significant increases in DNA methylation with age. These were at the -10 CpG site in African-American controls, the -60 CpG site in Hispanic controls, and the -18 CpG site in Hispanic cases. When these results were adjusted for multiple testing, no significant experimentwise correlation was found for DNA methylation levels at any of the CpG sites in the OPRM1 promoter region with subject age, and therefore, do not confound our analyses of ethnic or drug related differences in methylation.
Increased global DNA methylation has been found in lymphocytes of alcoholics Bonsch et al. 2004 Bonsch et al. , 2006 . Altered DNA methylation at specific CpG sites has been shown to alter the expression of various genes (e.g. Iguchi-Ariga and Schaffner 1989; Zhang et al. 2010) . In our cohort, we found point-wise significant decreases in DNA methylation in the Hispanic, but not the African-American, severe former heroin addicts with a history of alcoholism at the -93 and the -60 CpG sites. However, these differences were not significant after adjusting for multiple testing.
In our study, we found no evidence that DNA methylation of the OPRM1 promoter region differs by sex, although some studies have reported males to have higher DNA methylation at specific genes than females (DurcovaHills et al. 2004 (DurcovaHills et al. , 2006 El-Maarri et al. 2007; Sarter et al. 2005) .
A limitation of our study is that we have not performed an analysis of population structure. In other studies conducted in our laboratory (Levran et al. , 2009 Nielsen et al. 2008) , 91% of the African-American controls and 95% of the Caucasian controls were analyzed for population structure. Those analyses have demonstrated that the self-identified ethnicities are quite accurate. Furthermore, the Risch group found that self-identification of race/ethnicity of subjects was similar to that found using microsatellite markers and genetic cluster membership; only five of 3,363 subjects were miscategorized (Tang et al. 2005) . Similar findings were reported by Liu et al. using 1,334 subjects self-identified as African-American, European American, or Hispanic (Liu et al. 2006) .
The methylation differences found between cases and controls could be due to several factors (Nielsen et al. 2009) . Methylation levels at specific CpG sites in the OPRM1 promoter region may be a predisposing factor for vulnerability to develop heroin addiction. Although methylation may be inherited through genomic imprinting, examination of our published data (Nielsen et al. 2009 ), in which we determined methylation on individual strands of cloned DNA, showed that the number of methylated CpG sites in each individual had a unimodal distribution. Imprinted genes show a bimodal methylated CpG distribution (e.g. Durcova-Hills et al. 2006; El-Maarri et al. 2007) ; therefore, it is unlikely that genomic imprinting occurs in the OPRM1 promoter region. The alterations in DNA methylation may be due to major life events occurring prior to heroin addiction, to chronic heroin use, or to long-term methadone maintenance pharmacotherapy.
This study demonstrates ethnic diversity of DNA methylation globally and at specific CpG sites. Several of the CpG sites that we analyzed were significantly different experiment-wise among the ethnicities. This finding has implications for future studies on the role of DNA methylation. Population stratification has been found to produce false-positive and false-negative findings in genetic studies (Enoch et al. 2006) . Possible confounding factors, such as population structure, must be addressed in future DNA methylation studies. We have demonstrated significant differences in DNA methylation between former heroin addicts and controls specific to each ethnicity. This extends our previous study on Caucasians and demonstrates that DNA methylation may play a role in heroin addiction or pharmacotherapy in African-Americans and Hispanics.
